Aim: To examine the effects of triptolide (TPL) on T-cell leukemia cells and identify their underlying mechanisms. Methods: The cytotoxicity of TPL was assessed by MTT assay. Cell apoptosis was determined using annexin V and DAPI staining and analyzed by flow cytometry or fluorescence microscopy. The activation of caspase pathways and the expression of nuclear factor κB (NF-κB) p65 were examined by Western blotting. Differences in microRNA (miRNA) expression in Molt-4 and Jurkat cells before and after TPL treatment were identified using microarrays and real-time RT-PCR, respectively. Results: TPL 20−160 nmol/L treatment potently inhibited cell growth and induced apoptosis in T-cell lymphocytic leukemia cell lines. Molt-4 and Jurkat cells, however, were more sensitive to TPL than L428 and Raji cells. After 24 h of treatment, bortezomib abrogated the growth of Molt-4 and Jurkat cells with an IC 50 of 15.25 and 24.68 nmol/L, respectively. Using Molt-4 cells, we demonstrated that TPL 20−80 nmol/L inhibited the translocation of NF-κB p65 from the cytoplasm to the nucleus and that phosphorylated NF-κB p65 in nuclear extracts was down-regulated in a dose-dependent manner. Similar results were also seen in Jurkat cells but not in L428 cells, as these cells are resistant to TPL and bortezomib (a NF-κB inhibitor). Twenty-three miRNAs were differentially expressed after TPL treatment. Functional analysis revealed that TPL treatment could inhibit expression of miR-16-1* and that transfection of miR-16-1* led to significantly decreased apoptosis induced by TPL. Conclusion: Our in vitro studies suggest that TPL might be an effective therapeutic agent for treatment of T-cell lymphocytic leukemia and that its cytotoxic effects could be associated with inhibition of NF-κB and down-regulation of miR-16-1*.
Introduction
Triptolide (PG490, TPL) is a diterpene triepoxide purified from the Chinese herb Tripterygium wilfordii hook F. This compound has been used to treat a variety of autoimmune diseases' it has also been used as an immunosuppressant in patients who have undergone organ and tissue transplantations [1, 2] . Recent studies analyzing the mechanisms of action of TPL have revealed many properties of this compound that are relevant not only to anti-inflammatory activity but also to anticancer activity. Shamon et al [3] , for example, found that TPL could inhibit the growth of several human cancer-derived cell lines (including breast, prostate, and lung) under cell culture conditions. In hematologic tumors produced by acute myeloid leukemia (AML) cells, TPL treatment caused caspase-dependent cell death that was mediated via the mitochondrial pathway [4] . This treatment also down-regulated Bcr-Abl expression in K562 cells and induced apoptosis in STI571-resistant chronic myeloid leukemia (CML) cells [5, 6] , suggesting that it lacks cross-resistance with currently available treatments. Our previous study showed that TPL also induced apoptosis in the multiple myeloma (MM) cell line 8226 and in U266 cells. We observed no cytotoxicity in the peripheral blood mononuclear cells examined from normal volunteers [7] . Importantly, clinical trials performed in China examining TPL treatment have shown that this drug can induce remission rates of 71% and 87% in mononucleocytic and granulocytic leukemia, respectively [8] . A succinate salt derivative of TPL (PG490-88) that is water soluble has recently been approved for Phase I clinical trials in France [9] . Results show that 3 out of 19 patients diagnosed with refractory or relapsing AML achieved complete remission [10] . These data imply a possible clinical application of TPL for leukemia treatment. Data on the ability of TPL to
Triptolide inhibits the proliferation of cells from lymphocytic leukemic cell lines in association with downregulation of NF-κB activity and miR-16-1* www.nature.com/aps Meng HT et al Acta Pharmacologica Sinica npg induce lymphoblastic leukemia cell death, however, are limited, and underlying mechanisms regulating the action of this compound are not well characterized. Nuclear factor κB (NF-κB) plays a critical role in many biological processes, including cell cycle progression, apoptosis, oncogenesis, inflammation, and various autoimmune diseases [11, 12] . Abnormal constitutive NF-κB activation is widely seen in a number of solid tumors and in diverse types of hematopoietic malignancies, such as CML [13] , AML [14] , lymphoma [15, 16] , and acute lymphoblastic leukemia (ALL) [17] [18] [19] . In particular, constitutively activated NF-κB is found selectively in leukemia stem cells and not in normal hematopoietic stem cells [20] . As such, NF-κB may be a potential therapeutic target for the selective eradication of leukemia stem cells. The NF-κB family is composed of five members: p65 (RelA), RelB, c-Rel, p50 (NF-κB1), and p52 (NF-κB2). Activation of p50 homodimers and p50/p65 heterodimers are detected in childhood ALL [17] . A recent study revealed a novel stromal cell function of RelB that promotes T-cell leukemogenesis [21] . Furthermore, inhibition of NF-κB activity was found to sensitize ALL cells to interferon β treatment [22] . Targeting NF-κB thus provides an attractive strategy for the treatment of lymphoblastic leukemia.
MicroRNAs (miRNAs or miRs) are a small (about 22 nucleotides), highly conserved noncoding class of regulatory RNA molecules expressed in a tissue-and development-specific manner [23] . They can play an important role in several types of cancers and in various other aspects of cancer biology [24] [25] [26] . Currently, extensive studies suggest that several miRNAs may act as oncogenes, tumor-suppressor genes [27] , or even modulators of cancer stem cell growth and metastasis [28, 29] . The theory that miRNAs are involved in cancer is derived from the finding that miR-15a and miR-16-1* are downregulated or deleted in most patients diagnosed with CLL [30] . More interestingly, recent findings indicate that miRNAs can substantially modulate sensitivity and resistance to anticancer drugs [31] . A study by Kovalchuk et al [32] shows that miR-451 regulates the expression of multidrug resistance 1 gene and that transfection of miR-451 results in the increased sensitivity of breast cancer cells to doxorubicin. In contrast, miR-214 has been shown to induce cell survival and cisplatin resistance in ovarian cancer cells through inhibiting PTEN translation and activation of the Akt pathway [33] . Based on these observations, we hypothesized that miRNAs could affect the response of leukemia cells to TPL. In this study, we examined the effects of TPL on human T-cell leukemia cell lines and investigated the mechanisms underlying TPL-induced cell death. We found that TPL treatment at low nanomolar concentrations potently induced cell death in T-cell lymphocytic leukemia cells in association with inhibition of NF-κB and down-regulation of miR-16-1*.
Materials and methods

Cell culture and transfection
The human T-cell lymphocytic leukemia cell lines Molt-4 and Jurkat, the Burkitt lymphoma cell line Raji, and the Hodgkin's disease cell line L428 were purchased from American Type Culture Collection (ATCC, Rockville, USA). They were maintained in RPMI-1640 (Hyclone Laboratories, Logan, USA) supplemented with 10% fetal bovine serum (Hyclone Laboratories), 1% L-glutamine and 0.1% gentamicin at 37 °C in a humidified incubator containing 5% CO 2 in air. For functional analysis, leukemia cells were washed and resuspended in Opti-MEM I medium (Invitrogen, Carlsabad, USA), and miR-16-1* mimics and non-targeting miRNA mimics (GenePharma, Shanghai, China) were used. The miR mimics and control RNA were transfected into the appropriate cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. In brief, cells were plated in 6-well plates. For each well, miR-16-1* mimic (100 nmol/L), control RNA (100 nmol/L) and 5 µL of Lipofectamine 2000 Transfection Reagent were separately added into 250 µL of antibiotic-free Opti-MEM I medium and then mixed together to form the transfection complex. The transfection complex was added to cells and incubated for 6 h before replacing the medium.
Cell viability measurements
Leukemia cells were plated on 96-well plates at 1.0×10
5 /well and then treated with or without TPL at the indicated dosages for 24 h and 48 h, respectively. The cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma, St Louis, USA) as previously described [34] .
Assessment of apoptosis
Apoptosis was determined using an annexin V-FITC and propidium iodide (PI) apoptosis detection kit (Biouniquer, Suzhou, China), according to the manufacturer's instructions. Prepared cells were analyzed with FACScan flow cytometer and CELLQuest software (Becton Dickinson, Franklin Lakes, USA). To detect chromatin condensation and nuclear fragmentation, cells were fixed with 4% paraformaldehyde and then stained with 5 µg/mL Hoechst 33258 (Sigma) for 20 min at room temperature. Apoptotic cells were determined by fluorescence microscopy (Olympus, Tokyo, Japan).
Immunofluorescence studies Molt-4 cells were treated with PBS or TPL at 40 nmol/L and subjected to immunofluorescence analysis after 24 h. Briefly, cells were plated on glass slides for fixation by 4% paraformaldehyde for 30 min at room temperature followed by three washes with PBS. Cells were then incubated with a blocking buffer. The blocking buffer was then removed, and cells were incubated with an anti-human NF-κB p65 subunit antibody (Cell Signaling, Danvers, USA) at 4 °C overnight. After being washed three times with PBS, slides were incubated with Texas Red-conjugated goat anti-rabbit antibody for 30 min in the dark at room temperature, and secondary antibody was then removed. Next, slides were stained with 1 μmol/L DAPI (SouthernBiotech, Birmingham, USA) for 5 min in the dark and washed three times with PBS. They were then mounted on a coverslip and observed under a fluorescence microscope (Olympus, Tokyo, Japan).
www.chinaphar.com Meng HT et al
Acta Pharmacologica Sinica npg Western blotting Cells were harvested and extracted with lysis buffer (Cell Signaling), and nuclear extracts were collected by using a nuclear extraction kit (Millipore, Billerica, USA) according to the manufacturer's instructions. Western blot analysis was performed as described previously [35] , with equal protein loading on 12% SDS-PAGE. The primary antibodies used were caspase-3, poly (ADP-ribose) polymerase (PARP), NF-κB p65, and Phosphor-NF-κB p65 (Ser536), all purchased from Cell Signaling Technology. Actin and Lamin B antibodies were used as housekeeping protein control. They were obtained from Santa Cruz Biotechnology (Santa Cruz, USA). After incubation with secondary antibodies (MultiSciences Biotech, Hangzhou, China), blots were revealed by enhanced chemiluminescene (ECL) procedures according to the manufacturer's recommendation.
miRNA microarray expression analysis Total RNA was extracted from Molt-4 and TPL-treated-Molt-4 cells using TRIzol (Invitrogen) and the RNeasy mini kit (Qiagen, Valencia, USA) according to the manufacturer's instructions. The miRNA microarray analysis was done by KangChen (Shanghai, China). After passing RNA measurement on the Nanodrop instrument, the samples were labeled using the miRCURY™ Hy3™/Hy5™ Power labeling kit and hybridized on the miRCURY™ LNA Array (v 14.0). Experiments were carried out in triplicate. Scanning was performed with the Axon GenePix 4000B (Axon, Sunnyvale, USA) microarray scanner. GenePix pro V6.0 was used to read the raw intensity of the image. A t test analysis was conducted comparing Molt-4 and TPL-treated-Molt-4 samples, and miRNA with P values < 0.05 were selected for cluster analysis. The clustering analysis was performed using a hierarchical method as well as average linkage and Euclidean distance metrics [36] .
Real-time quantitative RT-PCR of micro-RNA
The quantitative real-time PCR (qRTPCR) was done by using Hairpin-it miRNAs qPCR Quantitation Kit (GenePharma) according to manufacturer's specified guidelines. Total RNA was isolated by using TRIzol (Invitrogen) and further subjected to DNase (Invitrogen) digestion, following the manufacturer's protocol. The RNA levels were quantified by spectrophotometry. One microgram of total RNA was incubated with DNase I and reverse-transcribed using MMLV reverse transcriptase (Invitrogen). The reverse transcription product was amplified using primer pairs specific for miR-16-1* and miR-138-2*. U6 were used as controls for quantification. qRT-PCR was performed using an iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad, Berkeley, USA). The level of each miRNA expression was measured using the 2 -DeltaDeltaCt method.
Statistical analysis
Means were compared using the 2-tailed Student's t test. P<0.05 was considered statistically significant in all calculations. All data analyses were performed using GraphPad Prism software version 4.0 (GraphPad, San Diego, USA).
Results
Effect of TPL on the proliferation of lymphocytic leukemia cells in vitro
To investigate the effects of TPL on growth and survival of lymphocytic leukemia cells, we treated various leukemia cell lines, including Molt-4, Jurkat, Raji and L428 cells, with increasing concentrations of TPL. As shown in Figure 1, 
TPL inhibits NF-κB and induces apoptosis in leukemia cells
To understand the mechanisms of TPL-induced cell death in leukemic cells, we examined the ability of TPL to induce apoptosis using Annexin V/PI and DAPI staining followed by flow cytometry and fluorescence microscopy analyses, respectively. As shown in Figure 2A , TPL treatment in nanomolar concentration (80 nmol/L) for 12 h resulted in apoptosis in a large percentage of cells. L428 and Raji cells, however, were resistant to apoptosis induced by TPL. Analysis of Molt-4 nuclei after Hoechst staining confirmed that TPL-treated cells exhibited morphologic changes characteristic of apoptosis, such as chromatin condensation and formation of micronuclei ( Figure 2B ). Next, we tested for molecules that control apoptosis. Western blot analysis was used to confirm our flow cytometric findings by demonstrating that TPL treatment activated two key molecules in the apoptosis pathway, namely, caspase-3 and PARP in Molt-4 and Jurkat cells, but not in L428 cells ( Figure 2C ). Several tumor-cell types, including myeloma and leukemia, are known to constitutively express NF-κB through a mechanism yet to be fully defined [37] . To determine the role of NF-κB in the process of TPL-induced cell death in lymphoblastic leukemia cells, we treated Molt-4, Jurkat cells, which are sensitive to TPL, and L428 cells, which are resistant to TPL, with the indicated concentrations of TPL. We then used Western blot analysis to determine the possible influence of TPL on the subcellular localization of p65. As shown in Figure 3A , TPL treatment inhibited the nuclear accumulation of p65 in Molt-4. Phosphor-NF-κB p65 (Ser536) in nuclear extracts of Molt-4 cells was reduced in a dose-dependent manner. Similar results were seen in Jurkat cells (data not shown). However, this result was not observed in L428 cells. Immunofluorescence staining using a specific antibody against p65 also indicated a decrease in the nuclear translocation of NF-κB in TPL-treated Molt-4 cells and confirmed the results of the immunoblotting analysis ( Figure 3B ). Collectively, these data demonstrate that TPL inhibits the nuclear accumulation of NF-κB. Figure 4A ). Among these identified miRNAs, miR-16 [38] and miR-138 family members [39] [40] have been previously implicated in tumorigenesis and cancer cell death. As such, qRT-PCR was used to determine the expression differences of miR-16-1* and miR-138-2* in the paired lymphocytic leukemia cell lines. Upregulation of miR-138-2* and downregulation of miR-16-1* by TPL in a time-and dose-dependent manner was observed in Molt-4 cells (Figure 4B and C) . Similar results were obtained in Jurkat cells ( Figure 4D ). These results confirmed the microarray findings for miR-138-2* and miR-16-1*.
Downregulation of miR-16-1* may contribute to TPL-induced cell death To investigate the involvement of miR-16-1* down-regulation in TPL-induced cell death, functional analyses were performed to test the effects of miR-16-1* on cell apoptosis. As shown in Figure 5 , ectopic transfection of miR-16-1* mimics led to significantly decreased apoptosis of TPL-treated Molt-4 cells (23% vs 17%, P<0.05), suggesting that miR-16-1* may provide partial protection against the cytotoxicity of TPL. It should be noted that transfection of negative control oligonucleotides into Molt-4 cells did not affect their sensitivity to TPL. Collectively, out data indicate that downregulation of miR-16-1* may be associated with the cytotoxicity of TPL in T-cell lymphocytic leukemia cells.
Discussion
Acute lymphocytic leukemia in adults is the most aggressive neoplastic disorder of lymphocytes. Over the last several decades, survival rates of the patients have remarkably improved due to progress in therapeutic protocols; however, a higher proportion of the patients cannot expect long-term remission because of frequent relapse with poor clinical outcome. As such, novel biological therapeutics need to be developed, either alone or in combination with conventional chemotherapy [18] . NF-κB is a major factor underlying malignant T-cell transformation, drug resistance, and apoptosis. It was found that adult T-cell leukemia cells possess constitutively activated NF-κB and that inhibition of NF-κB by the proteasome inhibitor bortezomib or by Bay 11-7082 induces cell death in adult T-cell leukemia cells [41] [42] [43] . We became interested in TPL because it was reported that TPL is a potent inhibitor of NF-κB activation. In this regard, Qiu et al [44] showed that TPL at 200 ng/mL and 1000 ng/mL caused nearly complete inhibition of IκBα protein expression in activated T-cells. In the present study, we demonstrate that TPL at low nanomolar concentration (20-80 nmol/L) potently inhibits cell growth of T-cell lymphocytic leukemia cell lines and induces apoptosis, as demonstrated by annexin V staining and Hoechst staining. The cleavage of caspase-3 and PARP was observed in the T-cell lymphocytic leukemia cells, suggesting that the activation of caspase pathway is involved in TPL-induced apoptosis. These results concur with those obtained in AML cells treated with TPL [4] . We also show that the responses appear to be dependent upon inhibition of NF-κB activity, as treatment with TPL induced a dose-dependent decrease of phospho-p65 level in T-cell leukemia cell lines accompanied by a reduced were not found in L428 cells, which are resistant to TPL and bortezomib. Together, these data suggest that the ability of TPL to inhibit NF-κB could explain the underlying mechanism. Previous studies suggest that cellular effects and mechanisms of action of TPL in cancer cells are highly complex and undoubtedly involve multiple biological pathways. In addition to NF-κB inhibition, down-regulation of XIAP [45, 46] , activation of functional p53 pathway [9] , inhibition of Bcr-abl transcription [5, 6] , and decreased HSP70 mRNA and protein levels [47, 48] are also responsible for TPL-induced cell death. In this study, we performed miRNA expression profiling using Molt-4 cells with or without TPL treatment, and we showed that 23 miRNA genes were differentially expressed at a level of P<0.05. The function of majority of the identified miRNA genes, however, is still unknown. We thus focused on miR-16-1* and miR-138-2*, as miR-16 and miR-138 are reported to be functionally associated with the apoptosis of cancer cells [39, 49] . The results of qRTPCR, which are consistent with our microarray data, showed that TPL treatment decreased miR-16-1* expression and increased miR-138-2*. Furthermore, functional analysis revealed that miR-16-1* could partly abrogate the effects of TPL in Molt-4 cells, suggesting that inhibition of miR-16-1* expression may contribute to TPLinduced cell death. The miR-16 family contains miRNAs that have been shown to regulate Bcl-2 [49] and cell cycle genes [50, 51] , including cyclin D1, cyclin D3, cyclin E1, and CDK6, which together can result in cell cycle arrest and the apoptosis of cancer cells. Recently, miR-16-1 has been considered as a possible tumor suppressor gene [38] because its levels have been found to be reduced or completely ablated in >65% of CLL cases examined [52, 53] . Also, forced expression of this gene can induce apoptosis through the targeting of Bcl-2 [49] . Although it remains unclear why miR-16-1*, a miR-16 family member, acts in a functionally different manner than miR-16-1, these seem- and miR-16-1 reside, have been shown to exhibit a more favorable prognosis [54] . In contrast, Calin et al [52] reported that high expression levels of miR-16-1/miR-16-2 were observed in CLL patients with a poor prognosis. Taken together, these data indicate that the roles of alterations in the miR-16 family genes in the leukemia are complicated. Here, we also show that TPL up-regulates the expression of miR-138-2*. It was previously reported that miR-138, which can repress hTERT mRNA, was down-regulated in thyroid cancer cells [40] . A recent study shows that miR-138 suppresses invasion and promotes apoptosis in head and neck squamous cell carcinoma cell lines and suggests that miR-138-1 and miR-138-2 may function as tumor suppressor genes [39] . Thus, further investigation is required for evaluating the roles of miR-138-2* in TPL-induced cell death.
In summary, our data suggest that TPL at low nanomolar concentrations can potently inhibit cell growth and induce apoptosis in T-cell lymphocytic leukemia cells and that the inhibition of NF-κB may, in part, contribute to the toxicity of TPL. Additionally, TPL treatment resulted in the marked alteration of 23 miRNA genes. Among these genes, miR-138-2* expression was up-regulated and miR-16-1* was downregulated. As this may contribute to the cytotoxic effects of TPL, our data suggest that miRNAs could be a potential target for T-cell leukemia treatment. Future work is required to gain a deeper understanding of the proteins targeted by these miRNAs. 
